Klier EM, Hess BJ, Angelaki DE. Human visuospatial updating after passive translations in three-dimensional space. J Neurophysiol 99: 1799 -1809, 2008. First published February 6, 2008 doi:10.1152/jn.01091.2007. To maintain a stable representation of the visual environment as we move, the brain must update the locations of targets in space using extra-retinal signals. Humans can accurately update after intervening active whole-body translations. But can they also update for passive translations (i.e., without efference copy signals of an outgoing motor command)? We asked six head-fixed subjects to remember the location of a briefly flashed target (five possible targets were located at depths of 23, 33, 43, 63, and 150 cm in front of the cyclopean eye) as they moved 10 cm left, right, up, down, forward, or backward while fixating a head-fixed target at 53 cm. After the movement, the subjects made a saccade to the remembered location of the flash with a combination of version and vergence eye movements. We computed an updating ratio where 0 indicates no updating and 1 indicates perfect updating. For lateral and vertical whole-body motion, where updating performance is judged by the size of the version movement, the updating ratios were similar for leftward and rightward translations, averaging 0.84 Ϯ 0.28 (mean Ϯ SD) as compared with 0.51 Ϯ 0.33 for downward and 1.05 Ϯ 0.50 for upward translations. For forward/backward movements, where updating performance is judged by the size of the vergence movement, the average updating ratio was 1.12 Ϯ 0.45. Updating ratios tended to be larger for far targets than near targets, although both intra-and intersubject variabilities were smallest for near targets. Thus in addition to self-generated movements, extra-retinal signals involving otolith and proprioceptive cues can also be used for spatial constancy.
I N T R O D U C T I O N
How do we maintain the percept of a seemingly stable world around us? While we take individual snapshots of the world through our eyes, these images become unstable once we redirect gaze (i.e., change the line of sight) to a new location. Yet we do not perceive such instability because an active process-known as visuospatial updating-occurs that takes our intervening movements into account. Spatial updating results in spatial constancy and allows us to interact with the environment in meaningful and accurate ways. But while our knowledge of the neural substrates that underlie visuospatial updating is still in its infancy (Duhamel et al. 1992; Goldberg and Bruce 1990; Wurtz 2002, 2006) , there is much we do know about the extraretinal signals necessary for spatial updating to occur.
For example, both humans and non-human primates can update for rotations associated with actively generated changes in eye, head, and body position. This has been shown with variants of the double-step saccade paradigm in which a peripheral target is briefly flashed and must be later foveated after intervening movements of the eyes (Hallett and Lightstone 1976; Herter and Guitton 1998; McKenzie and Lisberger 1986; Ohtsuka 1994; Schlag et al. 1990; Zivotofsky et al. 1996) and head/body (Medendorp et al. 2002) . These findings, based on self-generated movements, have led many to speculate that efference copy signals of the outgoing motor command are critical for spatial updating.
The necessity of such efference copies has been investigated by studies that examined the efficacy of spatial updating during passive rotations of the eyes and head/body. For the former, changes in eye position via stimulation of the superior colliculus and burst neurons in the paramedian pontine reticular formation have shown that information from these brain stem areas can be utilized to maintain spatial constancy (Sparks and Mays 1983) . For the latter, passive whole-body rotations have shown that humans can take intervening yaw (Klier et al. 2006) and roll (Klier et al. 2005 (Klier et al. , 2006 rotations into account, although there were substantial individual differences and updating for roll was better, on average, than updating for yaw.
In the real world, our bodies not only rotate but translate in space either actively (i.e., when we walk or run) or passively (i.e., when we sit in a car or ride on a moving sidewalk). But updating for translation is more complicated than updating for rotations for two reasons: first, rotations only require the amplitude and direction of the intervening movement to be taken into account, whereas translations additionally require the consequences of motion parallax to be accounted for. Because objects that are located closer to our eyes move larger distances across our retinas than farther objects, greater changes in version are required for near targets and smaller changes in version are required for far targets (given the same translational amplitude). Second, while rotations do not change the distance of an object from the observer, translations do (especially those along the forward/backward axis). Thus the brain must also generate changes in vergence angles after intervening translational movements.
Previous studies have evaluated the ability of humans to estimate the amplitude of passive, linear self-motion, also known as path integration (Mittelstaedt and Mittelstaedt 1980) . Several studies have shown that humans can accurately judge the distance traveled toward a target (Berthoz et al. 1995; Glasauer and Brandt 2007; Israel et al. 1993 Israel et al. , 1997 Siegler et al. 2000) . However, while path integration could be a signal that is used for accurate spatial updating, these studies did not dissociate the visual location of the target from the motor command necessary to foveate it accurately. Notably, accurate path integration does not necessarily imply accurate updating ability. For the latter, there is an additional computational step (i.e., updating the retinal error for a motor command).
A single human study has demonstrated that subjects can take actively generated translations into account for lateral (i.e., side-to-side) visuospatial updating . Recently a number of animal studies have shown that monkeys can also update after lateral ) and fore-aft translations. In addition, labyrinthectomized animals lose their ability to update in both the lateral and forward/backward directions, but interestingly, deficits in the forward/backward dimension are more pronounced and show less recovery (Wei et al. 2006) . Again, these results point to a significant role of the vestibular system, especially the otolith organs, in translational spatial updating.
To determine whether spatial updating is not simply a product of primate overtraining or learning, we designed the current experiment to quantify human updating capabilities for passive translation. For the first time, we analyze updating along all three axes-forward/backward, rightward/leftward, and upward/downward. We found that subjects perform well after forward/backward, lateral and upward translations but consistently undershoot the target after downward translations. Preliminary results of this work have appeared in abstract form (Klier et al. 2007b) .
M E T H O D S

Subjects
Six subjects (4 female and 2 male) ranging in age from 28 to 48 yr old were recruited to participate in the experiment. All but one (EK) were naïve to the purpose of the experiment, all had normal or corrected-to-normal vision, and none had any known neuromuscular or neurological deficits. All subjects gave informed consent to the experimental protocol, and the eye movement recording procedures were approved by the Ethics Committee of the Canton of Zurich, Switzerland.
Measuring three-dimensional eye position
Three-dimensional eye positions of both eyes were measured using the magnetic search coil technique and three-dimensional Skalar search coils (Skalar Instruments, Delft, The Netherlands). The magnetic field system consisted of three mutually orthogonal magnetic fields, generated by a cubic frame with side lengths of 0.5 m, operating at frequencies of 80, 96, and 120 Hz. Three-dimensional eye position was calibrated using an algorithm that simultaneously determined the orientation of the coil on the eye and offset voltages based on nine target fixations in close-to-primary and secondary gaze positions (Klier et al. 2005) . These targets were projected via a projector (LC-XG210, EIKI Deutschland GmbH, Germany) onto a tangent screen (150 ϫ 190 cm) located at a distance of 2 m in front of the subjects.
Experimental equipment
Subjects sat on a 6 df moveable platform (E-Cue 624ϫ1800, Simulator Systems B.V.) capable of linear translations in threedimensions: lateral ϭ right/left, vertical ϭ up/down, and forward/ backward. A wooden chair complete with a foam head-rest and aviation harness was located in the center of the platform. During each experiment, each subject's head was fixed to the chair by a personalized, thermoplastic mask that was molded to the face and bolted to the chair around the subject's head. In addition, the subject's body was fixed to the chair via seatbelts around the pelvis and torso, and with evacuation pillows that filled the spaces between the subject and the sides of the chair.
The space-fixed, visual targets consisted of five red light-emitting diodes (LEDs) located at 23, 33, 43, 63, and 150 cm away from the subjects' cyclopean eye (Fig. 1A) . The relative distances of these targets were chosen such that they spanned the range of vergence angles that human subjects are capable of achieving (Fig. 1B) . These space-fixed targets were mounted between a homemade, U-shaped, Plexiglas apparatus with four thin wires bridging the two long arms (resembling railroad tracks). Four of the space-fixed targets were located in the center of the four spanning wires, while the furthest target (150 cm) was placed on the end of another Plexiglas rod that extended, away from the subject, from the middle of the short arm of the first apparatus. As these targets were required to be space-fixed, the entire Plexiglas apparatus was suspended from the ceiling with a wooden pole, and the height of the five targets was adjusted for each subject by placing them at eye level. One LED, which functioned as the head-fixed fixation target, was mounted via a vertical, metal rod that was clamped to the motion platform at a distance of 53 cm from the subjects' eyes ( the platform and with the subjects. To avoid the fixation LED from running into the space-fixed targets at 63 and 43 cm when the chair moved 10 cm forward and backward, respectively, it was placed ϳ2 mm below eye level. This offset did not affect updating measurements during lateral translations where performance is measured by changes in horizontal version or forward/backward translations where performance is measured by changes in vergence angle. Moreover, this small offset was also negligible during vertical translations where subjects had to update for amplitudes of 100 mm.
Finally, a light source consisting of 19 white LEDs, arranged in concentric circles on a disk, was mounted on top of the chair and was illuminated before, during, and after the flash of each space-fixed target. This was done so that the subjects could correctly and accurately localize the location of the space-fixed target. This ambient light was always turned off before the motion of the chair began, and thus spatial updating was always done in complete darkness.
Experimental procedure
CALIBRATION. Each experiment began and ended with a calibration task. Using the aforementioned projector and screen, nine targets were back projected, one at a time in a counterclockwise pattern, and the subjects had to fixate each of these targets for three seconds. The first target was located directly in front of the subjects, while the other eight were in the cardinal directions at amplitudes of 10 and 14°.
FIXATION TRIALS. To determine the appropriate version and vergence angles of the two eyes for each of the five space-fixed targets in depth, we illuminated and had subjects fixate each target for 3 s. This was done with the subjects at center (where the 5 space-fixed targets where lined up directly in front of the cyclopean eye- Fig. 1A) , and with the subjects statically positioned at 10 cm to the right, left, down, and up of this center position.
STATIONARY TRIALS. How accurately subjects acquired these space-fixed targets during a memory saccade was determined during stationary trials where subjects either remained at center ( Fig. 2A) or were moved 10 cm rightward, leftward, downward, or upward (Fig.  2B , rightward movement). Once this position was attained, the ambient light was then turned on, followed by the head-fixed LED 0.5 s later. The subject had to fixate the head-fixed LED, and, 1.5 s after it was turned on, one of the space-fixed targets was briefly flashed for 100 ms. The subjects had to maintain fixation on the head-fixed LED but remember the location of the flashed space-fixed target. After the space-fixed target and the ambient light were extinguished, a delay period of 1.5 s followed, after which time the head-fixed LED was extinguished. This cued the subjects to make a memory saccade to the remembered location of the flashed space-fixed target and hold that final position for 2 s until they heard an auditory tone which instructed them to relax and prepare for the next trial. The final eye position was held for 2 s so that the entire vergence movement could be completed. Note that the space-fixed targets were not turned back on at the end of each trial, and so subjects were not provided any visual feedback and thus they could not learn the task.
MOTION TRIALS. The motion trial (Fig. 2C) was the critical updating paradigm and was similar to the stationary trial except that the subjects always started at the center position and were moved during the trial in between the presentation of the flashed, space-fixed target and the memory saccade to its remembered location. This served to dissociate the sensory, retinal image of the space-fixed target from the motor command necessary to accurately foveate it. As in the stationary trials, in the motion trials the ambient light and the head-fixed Experimental protocol and rationale. The experiment consisted of stationary trials that did not require spatial updating and motion trials that did require spatial updating. During an initial stationary trial (A), the subject would fixate the fixation target (black square with letter "F") and one of the space-fixed targets, located directly in front of the subject, would briefly flash for 100 ms (black circle). After a memory interval, the offset of the fixation target cued the subject to make a saccade to the remembered location of the flash. An accurate eye movement is indicated by the letter "I" in the gray circle. The same sequence was carried out during a final stationary trial (B) except the subject was first displaced by 10 cm to one of the final positions (10 cm right is illustrated here). Here an accurate eye movement is indicated by the letter "F" in the gray circle. Finally, in the motion trials (C), subjects would begin the trial in the initial position. They would fixate the fixation target and note the location of the flashed space-fixed target. During the memory period, they would be moved 10 cm to the final position (same movement here as in B). The rationale of this study was to see if eye movements to the remembered target location in the motion trials would more closely resemble the eye movements observed in the initial position (I) or the final position (F) of the stationary trials. Eye movements corresponding to I would indicate that no updating occurred, while eye movements corresponding to F would indicate that updating did occur. fixation LED were turned on and the subject had to fixate the fixation LED. After 1.5 s, one of the space-fixed targets was briefly flashed for 100 ms, and the subjects had to make note of its location. After the space-fixed target and the ambient light were extinguished, the subject was translated 10 cm in any one of six directions-rightward, leftward, downward, upward, forward, or backward (a reconstructed motion profile is illustrated in Fig. 1C ). The head-fixed LED remained illuminated throughout the movement and subjects had to maintain fixation on it, and continue to fixate it, once the movement stopped (the movement and postmovement fixation lasted 1.5 s). The fixation LED was then extinguished and the subjects made a memory saccade to the remembered, space-fixed location of the previously flashed target. The memory saccade and subsequent fixation lasted 2 s at which time an auditory tone instructed the subjects to relax. Again, no visual feedback was provided at the end of the trial, and the subject was moved back to the center position in between trials. All stationary and motion trials (n ϭ 49) were randomly interleaved and divided into two sets [with 24 trials in the 1st set (set A) and 25 trials in the 2nd set (set B)]. This was done so that subjects could have a break after each 24 or 25 trials. On each experimental day, the two sets were run three times (i.e., A, B, A, B, A, B), and each subject was run twice, on two separate days, resulting in a total of six repetitions (i.e., 6 As and 6 Bs) for each stationary and motion trial.
Importantly, in the motion trials, subjects were always moved from the center, initial position (Figs. 1A and 2A) to any one of six final positions (e.g., Fig. 2 , B and C). Corresponding stationary trials were specifically selected such that there was one stationary trial for the initial position and one stationary trial for the final position for each motion trial. Thus the main goal was to determine if the subjects' updated movements in the motion trials corresponded better with the memory movements in the initial stationary trials (i.e., no updating) or with the memory movements in the final stationary trials (i.e., perfect updating; Fig. 2C ). Note that it was not necessary to collect final stationary trials for the forward/backward motion trials. This is because the three nearest space-fixed targets (at 23, 33, and 43 cm) were each spaced 10 cm apart from one another and thus could serve as final stationary trials for one another. For example, when the 33-cm space-fixed target was flashed and the subject was moved forward, the stationary trial of the 23-cm space-fixed target functioned as the final stationary trial. Similarly, when the 33-cm space-fixed target was flashed and the subject was moved backward, the stationary trial of the 43-cm space-fixed target functioned as the final stationary trial.
There were a total of four forward/backward motion trials-two with forward motion (33-cm target flash with 10-cm forward motion and 43-cm target flash with 10-cm forward motion) and two with backward motion (23-cm target flash with 10-cm backward motion and 33-cm flash with 10-cm backward motion). Only three of the five space-fixed targets were used for forward/backward motion (23, 33, and 43 cm) because the necessary changes in vergence for the two farthest targets (at 63 and 150 cm) would have been extremely small, ranging from 0.14°for a 10-cm backward movement when the target at 150 cm is flashed to 1.03°for a 10-cm forward movement when the target at 63 cm is flashed (these vergence angles were computed using an intraocular distance of 6 cm). Thus updating ability would have been too difficult to accurately measure for these very small vergence changes. For the same reason, the target at 43 cm was only associated with forward motion (requiring 2.41°of vergence change) but not backward motion that would only require 1.50°of vergence change. Finally, the closest target at 23 cm was only associated with backward motion because forward motion would require a final vergence angle of 25.99°, which is too large for humans to make.
Data analysis
Raw data from each subject's left and right eyes, sampled at 833 Hz, was first converted into rotation vectors, which indicate the horizontal, vertical, and torsional positions of the eye. These positions were subsequently transformed into eye velocity by taking the derivative of eye position (dE/dt, where E is 3-dimensional eye position). Finally, angular eye velocity (⍀) was computed from the previous two values by the equation
2 ) (where ϫ designs the cross-vector product). Version eye position was computed as the average of left and right eye position: (R ϩ L)/2, whereas the vergence angle was computed as the difference between right and left eye position: R -L. All saccade trajectories to the remembered target locations were automatically selected using the following criteria: the start of a saccade was selected when the square root of the sum of squares of the horizontal, vertical and torsional angular velocities exceeded 10°/s for both eyes. The end of a saccade occurred when the same value decreased below 10°/s for both eyes. The end of the memory period was taken at a point 250 ms before the auditory tone. Two postsaccadic periods, saccade end and memory end, were measured because it has been shown that vergence responses often take longer than vergence responses to reach completion (Westheimer 1954; Yarbus 1967) . These data, along with the actual locations of the targets in space allowed us to plot saccade trajectories and endpoints, and conduct statistical analyses on our data.
Updating ratios
To quantify how well subjects were able to take their intervening movements into account when computing the updated eye movement to the remembered target location, we computed updating ratios for both version and vergence. Perfect updating would be indicated by motion trial version and vergence angles that are equal to final stationary trial version and vergence angles (Fig. 2C , rightmost panel, circled "F"). In contrast, no updating would be indicated by motion trial version and vergence angles that are equal to initial stationary trial version and vergence angles (Fig. 2C, rightmost indicates perfect updating (i.e., the subjects' eyes were directed to the space-fixed location of the LED), whereas a value of 0 indicates no updating (i.e., the subjects' eyes were directed to the head-fixed location of the LED). Note that for horizontal and vertical translations, the version updating ratio is important for determining updating ability as this is the main variable that must change if updating occurs. In contrast, initial and final vergence angles are nearly identical and thus the corresponding updating ratio is useless. In contrast, for forward/backward updating, the vergence updating ratio is key because the main change in eye position after forward/backward motion is a vergence movement. Here, the initial and final version angles are too similar to derive any meaningful data (this will be demonstrated in Fig. 5 ). Updating ratios were computed for each subject separately for the two experimental days and then these two values were averaged for the final updating ratio. This was done to control for varying levels of arousal, motivation and fatigue that sometimes led to differences in version and (especially) vergence for each individual target across the two different experimental days.
R E S U L T S
The locations of the space-fixed targets (Fig. 1A) were chosen such that they covered nearly the entire range of human version and vergence angles. While it is obvious that subjects can make a wide variety of version eye movements, we first wanted to confirm that they could comfortably span the range of vergence angles presented to them. Figure 1B shows the actual vergence angles of the six subjects (various shapes), derived from the fixation trials, indicating that they could in fact cover the entire range of vergence angles provided. Importantly, note that there was a clear and noticeable difference in the vergence angles for all subjects across all the different targets in depth.
We first analyzed the subjects' performances during the stationary trials to obtain a measure of their performance in memory trials when no updating was required. The stationary trials were conducted in both the initial ( Fig. 2A) and final (Fig.  2B ) positions of the motion trials (Fig. 2C ). An example of a final stationary trial for a rightward 10-cm translation is shown in Fig. 3 for both the nearest target (23 cm) that was in front of the fixation point (53 cm) and the farthest target (150 cm) that was behind the fixation point (53 cm). For the near target (left), the required memory saccade was composed of a large, conjugate, horizontal movement to the left (top traces) and a large increase in vergence (bottom trace). In contrast, for the far target (right), the memory saccade consisted of a much smaller leftward version movement (top traces) and a decrease in vergence (bottom trace). Figure 4 compares the changes in version and vergence in these stationary trials (memory saccade) with the same measures from the fixation trials (when the subjects looked at each target when it was turned on). In each panel, each of the six subjects is indicated by a different symbol (see Fig. 1B, inset) and each of the five space-fixed targets is indicated by a different color (see inset). A slope of 1 is shown by the dashed line and the average slope across all subjects is shown by a solid line. Data are shown separately for horizontal (top) and vertical (middle) components of version as well as for vergence (bottom) across all trials. In each panel, the comparison between stationary memory trials and fixation trials is plotted for two time points: 1) the end of the first saccade (left-defined as the time at which saccade velocity decreased to 10°/s) and 2) the end of the memory period (right-250 ms before the auditory tone). For version, there was no difference between stationary memory trials and fixation trials at either the end of the saccade or the end of the memory period, and thus the average slope across subjects was never different from a slope of 1 (t-test, P Ͼ 0.05). slope at saccade end, this indicates that the complete vergence movements were not finished at the end of the saccade but required additional time to reach their final angle. Thus for the following analyses, which focus on the subjects' performances during the motion updating trials, the stationary trials' version and vergence values from the end of the memory period will be used as controls. Data for individual subjects' slopes can be found in Table 1 .
Examples of two motion trials are given in Fig. 5 , A and B, for 10 cm rightward and forward translations, respectively. In A (rightward motion trial), the closer target (left) required a large leftward saccade and an increase in vergence, whereas the farther target (right) required a smaller leftward movement and a decrease in vergence. The subject's performance in this motion trial (black traces) can be directly compared with the corresponding average memory version/vergence in the initial stationary trials (blue traces) and the final stationary trials (red traces). After the eye movement was made, the subject's right (black dashed) and left (black solid) eye traces lie closer to the red traces, indicating that the memory version eye movement in the motion trial was more closely aligned to that of the final stationary trials. In contrast, memory vergence in lateral translation trials is not nearly as telling because initial and final stationary vergence angles are nearly identical (i.e., notice how red and blue traces nearly overlap). In fact, for any lateral or vertical translation, the main updating component should occur in the version domain (whereas vergence angles do not change very much).
The opposite pattern is true for forward/backward movements. Figure 5B illustrates a 10-cm forward motion trial in which a target at 33 cm was flashed. Here differences in version movements between the initial and final stationary trials are negligible (notice close proximity of red and blue traces) because the targets were aligned with the subject's cyclopean eye and thus also with the motion axis. However, because the subject was moved forward and was therefore now closer to the previously flashed target, they had to make an eye movement with increased vergence to the remembered location of the space-fixed target. This can be seen by the higher vergence angle of the final stationary trial (red trace) as compared with the initial stationary trial (blue trace). The actual vergence movement of the subject (black trace) was closer to the final stationary trial (red trace) after the eye movement was made.
To quantify these observations across all subjects, all targets and all movement directions, we plotted the subjects' version (Fig. 6, top) and vergence (bottom) performances in the motion memory trials as a function of their version and vergence performances in the final stationary memory trials for lateral (left), vertical (middle), and forward/backward (right) translations. Data from each subject are shown by a different symbol (see Fig. 1B, inset) , and each target is indicated by a different color (see inset). The unity slope is indicated by the dashed Table 2 .
To further quantify each subject's updating ability, we computed updating ratios for the relevant motion direction and version/vergence combinations ( Fig. 7 and see METHODS for formula). In Fig. 7A , updating ratios of 1 indicate perfect updating (i.e., subjects' memory version/vergence angles were equivalent to those in the final stationary trials) and updating ratios of 0 indicate no updating (i.e., subjects' memory vergence/version angles were equivalent to those in the initial stationary trials). The average updating ratio (ϮSD) for lateral version was 0.84 Ϯ 0.28. A univariate ANOVA, with direction of motion (leftward/rightward) and target distance (5 targets in depth) as fixed factors and the updating ratio as the dependent variable, indicated no effect of direction [F(1,49) ϭ 0.55, P ϭ 0.46] but a significant effect of target distance (F(4,49) ϭ 3.14, P ϭ 0.02). A post hoc Tukey test indicated that updating for the furthest target was significantly better than updating for the closest target (target 5 vs. 1, P ϭ 0.02).
The average updating ratio (ϮSD) for vertical version was 0.79 Ϯ 0.49. Here, a univariate ANOVA indicated significant effects of both direction (upward/downward) [F(1,49) ϭ 56.22, P Ͻ 0.01] and target depth [F(4,49) ϭ 10.60, P Ͻ 0.01]. Updating ratios were higher, and thus closer to 1, for upward movements (1.05 Ϯ 0.50) than for downward movements (0.51 Ϯ 0.33; post hoc Tukey test, P Ͻ 0.01), and the updating ratio for the furthest target (150 cm) was greater than the updating ratios for the four closer targets (post hoc Tukey tests, P values always Ͻ0.01). Qualitatively, one can observe a trend in Fig. 7A (lateral and vertical motion panels) in which mean updating ratios increased as the targets were displaced further in depth from the subjects.
The average vergence updating ratio for the forward/backward motion trials was 1.12 Ϯ 0.45. However, we did not further compare potential direction and target differences because the observed power was relatively low (0.42 compared with 0.70 for lateral and 1.00 for vertical translations). The lower power was due to a number of factors including 1) the smaller number of space-fixed targets used (3 instead of 5) and the fact that only one direction of motion (instead of 2) was used for two of the three space-fixed targets (see METHODS section for details) and 2) the larger intrasubject variability for vergence compared with version movements (Henriques et al. 2003; Medendorp et al. 2003) .
To get a better idea of the intrasubject variability present in the current experiment, Fig. 7B plots the average SD for each subject, in all conditions. The variability of the SDs was clearly lower than that of the actual updating ratio means (Fig. 7A) . However, notice that here too there was a trend in which more variability was observed for farther targets. This trend is likely due to motion parallax where smaller version/vergence changes are required for far targets than for near targets.
D I S C U S S I O N
We have shown that human subjects can, to a large degree, update the locations of visual targets in space following passive translational displacements. Updating ratios were 1.12 Ϯ 0.45 after forward/backward translations, 0.84 Ϯ 0.28 after lateral (rightward and leftward) translations and 1.05 Ϯ 0.50 after upward translations but lower (0.51 Ϯ 0.33) after downward translations. Note that direct comparisons of forward/backward updating and lateral/vertical updating is difficult because the former is based on vergence eye movements while the latter is based on version eye movements. Large intersubject variability was also observed for each motion condition (Fig. 7A) as has been previously observed for passive updating after roll and yaw rotations (Klier et al. 2005 (Klier et al. , 2006 . Intrasubject variability was low for near target updating but increased as a function of target distance (Fig. 7B) . Finally, because version and vergence accuracy in the stationary memory trials were identical to those during fixation (Fig. 4) , the observed updating errors likely arise from the processes associated with spatial updating and not from mislocalization of the original location of the target or from decay of memory storage (White et al. 1994 ). These findings show that in addition to efference copy signals of the outgoing motor command (that are generated during active displacements), extra-retinal sensory information (e.g., vestibular and/or proprioceptive cues) are also useful for translational updating in humans as has been shown previously for rotational updating (Klier et al. 2005 (Klier et al. , 2006 (Klier et al. , 2007b . Among these sensory signals, strong evidence points to the vestibular system as a key player in spatial updating. Wei et al. (2006) attempted to eliminate vestibular signals by labyrinthectomizing animals that were trained to perform translational updating paradigms. They found that both lateral and forward/backward translational updating was compromised after the lesions but that the effects were much more severe and permanent for forward/backward motion. Lateral updating ratios fell from 0.71 to 0.49 and recovered to near normal levels after 10 wk, implying that proprioception/somatosensory cues also contribute to updating during lateral and yaw updating. In contrast, forward/backward updating ratios fell from 0.96 to nearly zero and did not recover much even after 16 wk. Thus while vestibular signals appear to play a vital role in spatial updating, they may be more crucial in certain directions of motion than in others, or alternatively, this may reflect a difference between the version and vergence systems.
Previous studies have demonstrated that humans can correctly gauge the amount of distance traveled after passive whole-body translations (Berthoz et al. 1995; Glasauer and Brandt 2007; Israel et al. 1993 Israel et al. , 1997 Siegler et al. 2000) . Functionally, this could arise via temporal integration of velocity and/or acceleration information derived from the vestibular system and stored in spatial memory (Berthoz et al. 1995; Israel and Berthoz 1989; Israel et al. 1997) . Such path integration signals may be used to update visual maps of space after translations. Alternatively, however, the signals used for updating may arise from efference copies of the cancellation signal used to suppress translational vestibuloocular reflex (TVOR). The latter is actually more likely because updating is only necessary when the TVOR is suppressed during self-motion (otherwise, if the TVOR is intact, the final motor error is equivalent to the initial retinal error). Finally, note that this efference copy signal is quite different from an efference copy of the motor command associated with voluntary movements. For example, the TVOR cancellation efference copy signal is only available during the passive motion and can therefore not be used for predictive remapping (Duhamel et al. 1992) , while the efference copy of the outgoing motor command is available before the movement is executed.
Monkey versus man
As mentioned, Wei et al. (2006) reported average lateral translational updating ratios of 0.71 Ϯ 0.21 (mean Ϯ SD) and average forward/backward ratios of 0.96 Ϯ 1.10 across their two animals. Thus monkeys were better at updating for forward/backward motion than lateral motion. We can compare these monkey parameters to the human parameters found in the current study. Our average updating ratio across all subjects, targets and directions of motion was 0.84 Ϯ 0.28 for lateral motion and 1.12 Ϯ 0.45 for forward/backward motion. Thus humans and non-human primates had similar updating abilities, with forward/backward updating having higher ratios, but more variability, than lateral updating.
These similarities are interesting given the differences in the updating paradigms. First, in the monkey experiments, at the end of each motion and stationary trial, the space-fixed target was turned on again, allowing the monkey to make a corrective saccade and permitting learning to occur. Humans have been shown to improve performance on spatial updating tasks when visual feedback is provided (Israel et al. 1999) ; however, none was permitted in the current study. Yet this lack of learning did not seem to affect our subjects' performance as compared with the animals that did receive visual feedback. Second, the monkeys were trained to perform these tasks thousands of times over several months, sometimes a year. And once ready for testing, Ͼ1,000 trials were collected for analysis from each animal . Humans were only given a handful of trial runs before the experiment began, and in each experiment, only six trials of every target/motion combination could be collected. Thus here, as in all human experiments, the subjects had much less experience with the required tasks and much less data were collected. This latter point should affect the final variability of the data from a purely statistical standpoint as less data leads to greater variability in measurements. This does not seem to have been the case here. Finally, the monkeys had a direct, physiologically relevant reward (i.e., juice) for completing the experiment, whereas the human volunteers did not.
Near versus far targets
The observed trend, that for lateral and vertical updating the average updating ratio increased with increased target depth, might have partially depended on the fact that subjects had their heads fixed. The large version movements required to accurately update near targets is typically accomplished, in natural circumstances, by combined movements of the eyes and head. In fact, the head typically increases its relative contribution with increased gaze shift amplitude (Freedman and Sparks 1997; Klier et al. 2001; Martinez-Trujillo et al. 2003) . Thus the relatively lower updating ratios seen with the nearer targets may be improved if this study were to be repeated with the head free to move. Alternatively, if the suppressed TVOR command (which occurs when the headfixed target is fixated during translation) is used as the updating signal, then differences between near and far TVOR gains may explain the differences between updating ratios for targets in depth. This is because while TVOR gain is near unity for far targets, it is consistently undercompensatory for near targets (Schwarz and Miles 1991) . This lower TVOR gain for near targets could thus result in the lower updating ratios we observed. 
Source of extra-retinal signals
If vestibular signals are used to update the locations of targets in space (as speculated in the preceding text), then one issue that remains to be resolved is the location at which these vestibular signals are used. Accumulating evidence from saccadic studies have implicated the posterior parietal cortex (Colby and Goldberg 1999; Duhamel et al. 1992 ) and extrastriate visual areas (Nakamura and Colby 2002) as well as the frontal cortex (Goldberg and Bruce 1990; Umeno and Goldberg 1997) as updating centers for intervening saccadic eye movements. These studies have found evidence for remapping, a phenomenon in which the representation of a visual target is moved or remapped at the time of an eye movement by an amount equivalent to the amplitude and direction of the intervening eye movement. For example, when a saccadic eye movement brings the receptive field of a cell on the location of a previously flashed target, and the target is no longer present, the cell responds as if the target was still present. Thus visual information is shifted from the coordinates of the initial eye position, to the coordinates of the final eye position, thereby maintaining spatial constancy. Several other studies support the notion that target locations are indeed stored in an eyecentered reference frame (Baker et al. 2003; Batista et al. 1999; Colby and Goldberg 1999; Snyder 2000) .
But does a similar remapping mechanism exist for changes in head/body position that are detected by vestibular stimulation (either rotational or translation motion)? Here the location of a cell's receptive field would need to be shifted by the amplitude and direction of the intervening head or whole-body movement. The parameters of these movements could be derived, in eye coordinates, either directly from the suppressed rotational or translational VOR or indirectly from the path integration of the vestibular signal. Some cortical evidence exists for such signals including visuomotor areas like the frontal eye fields (Fukushima et al. 2000) . But whether these signals are actually used to remap visual receptive fields is still unknown.
If vestibular signals derived from the brain stem are used for vestibular spatial updating in the cortex, then one must also delineate the pathways by which these signals travel from the vestibular-related brain stem areas to the cortical areas that have been implicated in spatial updating. Two possible pathways, both involving the thalamus, are currently known to exist that may transfer vestibular signals to the visuomotor cortical areas. The first involves vestibular projections to the ventrolateral thalamus (Lang et al. 1979; Meng et al. 2007 ) which then projects onto areas 2v, 3a, and parieto-insular vestibular cortex (PIVC) (Akbarian et al. 1992) . PIVC, in turn, has connections to the frontal eye fields (Guldin et al. 1992; Huerta et al. 1987) . The second involves prepositus and vestibular nuclei projections to the intralaminar nuclei of the thalamus (Asanuma et al. 1983; Lang et al. 1979; Warren et al. 2003) , which then project to both the frontal and parietal cortex (Huerta and Kaas 1990; Huerta et al. 1986; Kaufman and Rosenquist 1985; Shook et al. 1990 Shook et al. , 1991 . In fact, part of this latter pathway (from mediodorasl thalamus to the frontal eye fields) has already been implicated in transmitting eye-movement-related signals for spatial updating after saccades Wurtz 2004, 2006) .
